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A treatment process for the recovery of 
minerals and water from acid mine drainage 
Adam Neilly, Veeriah Jegatheesan and Li Shu 
1. INTRODUCTION 
Acid Mine Drainage (AMD) is formed when sulphide bearing minerals are exposed to 
both water and oxygen. Although this drainage can form naturally, mining activity 
intensifies its production by increasing the amount of exposed sulphide bearing minerals 
in the form of waste rock dumps, tailings dams, ore stockpiles and exposed pit surfaces. 
AMD is recognised as a major environmental problem facing the Mining Industry 
worldwide (Evangelou, 1995; Harries, 1997; Parker & Robertson, 1999). A key factor for 
AMD being viewed as a major environmental problem is the potential damage that can 
result from AMD on downstream aquatic ecosystems (Parker & Robertson, 1999). The 
often extremely acidic nature of AMD and the presence of heavy metals and high salinity 
are the cause of such damage. For instance, AMD is generally composed of sulphuric acid 
along with a variety of heavy metals including ferric iron, lead and cadmium (Evangelou, 
1995). 
Many sulphide bearing minerals can be responsible for the production of AMD, however, 
the oxidation of pyrite (FeSz) is the most common source and as a result, it has been 
investigated extensively. The oxidation of pyrite to form AMD can be described as a cyclic 
process. Firstly, the production of ferrous sulphate and sulphuric acid occurs from the 
oxidation of pyrite by oxygen, in the presence of water, according to the following 
equation: 
(1) 
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The ferrous iron is then oxidised to form ferric iron: 
Fe2+ + (1/4)02 + H+ -7 Fe3+ + (l/2)H20 (2) 
At this stage in the chemical process, the ferric iron can produce a precipitate such as 
ferric hydroxide, provided that the pH of the environment is approximately 3.3 and 
above (Mcllwaine, 2007), as follows: 
(3) 
On the other hand, under sufficiently acidic conditions, the ferric iron which does not 
precipitate becomes a strong oxidising agent of pyrite, resulting in the production of 
ferrous iron: 
FeS + 14 Fe3+ + SH 0 -7 15Fe2+ +250 2· + 16H+ ~~ 2 4 (4) 
This ferrous iron then undergoes the same reaction as described by Equation 2 and the 
process perpetuates. In addition to the chemical oxidation, biological oxidation caused 
by bacteria can greatly accelerate the rate of ferrous iron oxidation. The biological oxidation 
of sulphur bearing minerals is carried out via two different pathways. These are known 
as direct biological oxidation and indirect biological oxidation. 
The process of direct biological oxidation involves contact between the microorganism 
and the sulphur-bearing mineral. For example, the direct oxidation of pyrite by T. 
ferrooxidans is carried out according to the following reactions (Bosecker, 1997): 
4Fe5
2 
+ 140
2 
+ 4H
2
0 ba~·ia 4Fe50
4 
+ 4H
2
S0
4 
4Fe504 + 0 2 + 2H2S04 ha:;ia 2Fe2(S0) 3 + 2H20 
(5) 
(6) 
In contrast, the process of indirect biological oxidation involves the oxidation of ferrous 
iron and sulphur that has already been formed via chemical oxidation, by T. ferrooxidans 
on either the pyrite surface or in solution. Once the ferrous iron and sulphur have formed, 
they are oxidised into ferric iron and acid, of which ferric iron is a strong oxidising agent of 
pyrite (Parker & Robertson, 1999). 
In order to prevent the formation of AMD, a number of methods exist that are dependant 
upon the characteristics of materials available at the particular mine site. These methods 
include the selective handling of waste rock to mix acid-forming and acid-neutralising 
Waste rock types, alkaline and phosphate addition to waste rock as a neutralising agent 
and impermeable covers for waste rock dumps, underground mines and tailings dams. 
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Whilst prevention rather than the treatment of AMD is preferable, it may not always be 
practical. For this reason, many treatment methods have also been developed. These 
include the use of base addition to cause metal precipitation, ion-exchangers, 
nanofiltration and reverse osmosis membranes and constructed wetlands. 
The aim of this study was to develop a treatment method to recover valuable minerals 
from the AMD produced at OZ Minerals Century Mine Limited (OZMCML) and remove 
the remaining less valuable contaminants to allow for the reuse of the treated AMD. In 
order to achieve this aim, laboratory scale experiments based on selective precipitation 
and nanofiltration and reverse osmosis membranes were carried out. The selective 
precipitation experiments aimed to recover the valuable metals, with both nanofiltration 
and reverse osmosis used to remove any remaining contaminants. Based on the results of 
these experiments, a concept design of an industrial scale treatment process was produced 
and cost estimates and pay back period calculations were carried out to determine the 
viability of such a process. 
2. MATERIALS AND METHODS 
2.1 Materials 
The materials used for the experiments consisted of AMD water containing various ionic 
species, collected from a drainage point at OZMCML and refrigerated. High purity Milli-
Q water with a resistivity of J8.2 Mn.cm sourced from a Milli-Q unit manufactured by 
Millipore Australia, courtesy of the Australian Centre for Tropical Freshwater Research 
(ACTFR). This water was used to make up the sodium hydroxide solutions and to determine 
the pure water flux for the nanofiltration and reverse osmosis units. Analytical grade sodium 
hydroxide supplied by Ajax Chemicals with a minimum assay of 98% sodium hydroxide 
was used to create 1.0 M solutions for the metal precipitation experiments. A TPS AQUA 
pH meter was used to measure the pH of solutions and a YSI Environmental EC300 
conductivity meter was used to measure the electrical conductivity of solutions. A Hanna 
Checktemp 1 digital thermometer was used to measure the temperature of the feed solutions 
in both the nanofiltration and reverse osmosis experiments. A Stuart Scientific Flocculator 
SWl was used to stir the metal precipitation solutions. A set of AND GX-200 scales 
connected to a laptop computer were used to measure the mass flux automatically for the 
nanofiltration experiments at three minute intervals, whilst a set of OHAUS CD33 scales 
were used to measure the mass flux automatically for the reverse osmosis experiments at 
one minute intervals. 
2.2 Experimental set-up 
The experimental setup of the nanofiltration experiments consisted of a stirred cell 
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connected to a nitrogen gas cylinder via a pressure regulator, a magnetic stirrer, a set of 
AND GX-200 scales connected to a computer and a digital thermometer. A schematic 
diagram of the experimental setup is shown in Figure 1. A Nanomax-50 regenerated 
cellulose membrane supplied by Millipore Australia was used within the stirred cell. The 
membrane was a thin-film composite membrane with a polysulphone base and a 
polyamide top layer with a high retention of ions of size greater than 200 - 400 Daltons. 
Pressure Regulator Pressure Gauge 
Stirred Cel 
Bottle 
Magnetic Stirrer 
AND GX-200 Scales Electronic Thermometer 
N2 Cylinder 
Figure 1: Schematic diagram of nanofiltration experimental setup 
The reverse osmosis unit consisted of an R0-1812 membrane machine (RNF-0460) which 
contained a 1.5 kW plunger pump with a 380 W, 50 Hz power supply, a 15 L stainless steel 
feed tank with a built in heat exchange jacket. A 0.46 m2 spiral wound polymer R0-
1812 membrane was used. A plastic coolant tank with a small 1000 LPH pond pump 
was added to the system in order to cool the feed water. A set of OHAUS electronic 
scales connected to a computer were used in order to measure the mass flux. A schematic 
diagram of the experimental setup is shown in Figure 2. 
2.3 Methods 
Experiment 1: Metal precipitation 
The purpose of this experiment was to remove and recover metals from the AMD water 
by incrementally increasing the pH and creating insoluble metal hydroxides which 
precipitate out of solution. From the investigation of AMD water at OZMCML, high 
concentrations exceeding 100 mg/L were identified for the metals zinc, magnesium, 
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Figure 2: Schematic diagram of reverse osmosis experimental setup 
manganese and calcium. The pH at which each of the four metals would fully precipitate 
was calculated. The pH for zinc, manganese, calcium and magnesium were 8.5, 9.7, 
10.9 and 11.5 respectively. 
A 500 mL sample of AMD water was measured into a 1 L beaker using a measuring 
cylinder. A 30 mL sample was also measured for analysis by the Advanced Analytical 
Centre (AAC). The pH and temperature were tested using the pH meter, whilst the EC 
was measured using the conductivity meter. The beaker was then placed under a stirrer 
of the flocculator with the pH and temperature probes submerged and the stirrer set to 
150 RPM. The sample was then slowly titrated with 1.0 M NaOH using a 10 mL graduated 
pipette, with the pH being continuously measured and allowed to stabilise until a stable 
pH of 8.5 was reached. The volume of 1.0 M NaOH required to reach the endpoint pH 
was recorded and the beaker was removed from the flocculator and the precipitate was 
allowed to settle. Once the precipitate had settled, a 1 L Buchner flask was used in 
conjunction with 0.45 µm filter paper to filter the AMD solution. The pH, temperature 
and EC of the filtrate were then measured and a 30 mL sample was collected for analysis 
by the AAC. The procedure was then repeated for pH endpoints of 9.7, 10.9 and 11.5. 
The above process was carried out for three different samples of AMD, with each of the 
samples collected for analysis by the AAC being analysed using Inductively Coupled Plasma 
Atomic Emission Spectrophotometry (ICP-AES) to identify the concentrations of sodium, 
magnesium, manganese, calcium and zinc. 
Experiment 2: Metal precipitation with sodium hypochlorite addition 
The purpose of this experiment was to add sodium hypochlorite (NaOCl) to AMD water 
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in order to form a precipitate of manganese oxide (MnO) and thus remove manganese 
before pH adjustment had begun. An 8 mL aliquot of 4% NaOCl was added using a 10 
mL graduated pipette. The beaker was placed under a stirrer of the flocculator and was 
stirred at 150 RPM for 2 hours. The beaker was then removed and allowed to settle before 
filtering. The sample was then slowly titrated as in experiment 1, for pH endpoints of 8.5, 
9.7, 10.9 and 11.5. 
Experiment 3: Nanofi/tration 
This experiment aimed to determine the effectiveness of nanofiltration when using 
untreated AMD water. A 150 mL aliquot of Milli-Q water was measured into the stirred 
cell and it was operated at 600 kPa and stirring speed of 300 RPM. The permeate was 
collected in a 50 mL sample bottle, with the sample bottle being replaced hourly. The 
mass of permeate was measured automatically every 3 minutes and the temperature of 
the stirred cell was also recorded using the digital thermometer at these times. After 
running the nanofiltration for 2 hours, the pressure was turned off and the retentate 
collected. The pH, temperature and EC of the hourly permeate and final retentate were 
measured. 
This process was repeated for AMD water that had been pre-filtered through 0.45 µm 
Millipore filter paper, at a cell pressure of 600 kPa for a time of 3 hours and 900 kPa for 
a time of 2 hours. For each pressure 2 different samples of AMD water were used and 
the stirred cell was cleaned for 20 minutes using Milli-Q water at a pressure of 600 kPa 
between each run. 
Samples were analysed by the AAC using ICP-AES for the concentration of sodium, 
magnesium, manganese calcium and zinc. Samples were also prepared for the ACTFR to 
analyse for the concentration of sulphate and chloride. 
Experiment 4: Metal precipitation/nanofiltration 
The purpose of this experiment was to determine if there were improvements in the flux 
or rejection of contaminants in AMD water that had been pre-treated with NaOH. A 150 
mL sample of metal precipitation treated AMD solution was measured from experiment 1 
and poured into the stirred cell. The stirred cell was run at 600 kPa pressure and 300 RPM. 
The same procedure was followed as in experiment 3 and a total of two runs using two 
different pre-treated AMD solutions were carried out. The nanofiltration samples were 
prepared for analysis as in experiment 3. 
Experiment 5: Nanofiltration Donnan Exclusion Investigation 
This experiment aimed to investigate the extent to which a weakened Donnan exclusion 
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caused a reduction in rejection. Dilutions of raw AMD water were made up, with 
dilutions of 1 %, 10%, 30% and 60% AMD water in Milli-Q water. Each of these dilutions 
was then run in the stirred cell at a pressure of 600 kPa and stirring speed of 300 RPM 
for 1 hour. The flux and temperature were measured at three minute intervals and the 
initial solution, permeate and retentate were sampled for the same analysis by the AAC 
and the ACTFR as in experiment 3. 
Experiment 6: Reverse osmosis 
This experiment aimed to determine the effectiveness of reverse osmosis when using 
untreated AMD water. The R0-1812 membrane was cleaned using Milli-Q water at 2.5 
MPa for one hour. This was followed by Milli-Q water at 3.5 MPa for 15 minutes, with 
sample bottles being changed at 5 minute intervals. The mass of permeate was automatically 
measured every minute. Following this, 3 L of AMD water was passed through the RO 
unit at 3.5 MPa for 12 minutes with sample bottles changed at 4 minute intervals. The pH, 
temperature and EC of the retentate/ feed solution was also measured at 4 minutes intervals 
in order to correspond with the permeate samples. Upon completion of the run, the initial 
AMD, permeate samples and final retentate were measured for pH, temperature and EC 
and 30 mL sample bottles of these for the AAC and ACTFR were prepared. This procedure 
was then repeated for AMD water at operating pressures of 2.0 MPa and 1.0 MPa, with 20 
minute run times and 5 minute sampling intervals. The RO membrane was cleaned between 
each run with Milli-Q water at 3.5 MPa for 15 minutes. Samples of initial AMD water, 
permeates and final retentate for all three runs were analysed as in experiment 3. 
Experiment 7: Metal precipitation/reverse osmosis 
The purpose of this experiment was to determine if there were improvements in the flux 
or rejection of contaminants in AMD water that had been pre-treated with metal 
precipitation. A 1.5 L sample of metal precipitation treated AMD solution was measured 
and poured into the feed tank. The RO unit was then run at 1.0 MPa, with a 20 minute run 
time and 5 minute sampling intervals. The pH, temperature and EC were recorded as 
detailed in experiment 6. Milli Q water was then passed through the membrane for 15 
minutes at 3.5 MPa, followed by a repeat of the procedure for a 1.5 L sample of metal 
precipitation treated AMD. The samples were analysed as in experiment 6. 
3. RESULTS AND DISCUSSION 
3.1 Experiment 1: Metal precipitation 
Figure 3 details the percentage removal of each of the four metals at each step of the 
~recipitation process. The steps 1, 2, 3 and 4 correspond to solution pH endpoint values of 
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Figure 3: Graphs of metal removal at each step of experiment 1 using sodium 
hydroxide for selective metal precipitation for three trials. a) Calcium, 
b) Magnesium, c) Manganese, d) Zinc 
8.5, 9.7, 10.9 and 11.5 respectively. Calcium removal can be seen to have occurred 
significantly at steps 2, 3 and 4, whilst manganese removal occurred at steps 1, 2 and 3. 
In contrast to this, the majority of magnesium removal was achieved at step 3, with 
between 81 % and 95% of removal occurring. Finally, the bulk of zinc removal was 
accomplished at step 1, with between 92% and 99% of removal taking place. Despite 
such a high rate of removal occurring for magnesium at steps 3, it can be seen that 
significant removals of calcium and manganese also occurred at the same time, thus 
resulting in a mixed precipitate of metals. Unfortunately this was also the case for zinc 
at step 1, with manganese co-precipitating. 
The total removal of each metal is outlined in Table 1, with mean total removals of 
30.28%, 99.20%, 99.89% and 99.76% being achieved for calcium, magnesium, manganese 
and zinc respectively. Despite the poor removal of calcium, the removal of magnesium, 
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Table 1: Total percentage removal of each metal for experiment 1 
Trial Calcium Magnesium Manganese Zinc -
Removal(%) Removal(%) Removal(%) Removal(%) 
-7 34.71 99.49 99.83 99.77 
8 20.35 99.19 99.82 99.74 
9 35.80 98.93 99.82 99.77 
Mean 30.28 99.20 99.83 99.76 
manganese and zinc was very high. Furthermore, the removals achieved are greater 
than those achieved by Jenke and Diebold (1983) of greater than 70% for zinc, mang,mese 
and magnesium. The removals also exceed those achieved by Jenke and Diebold (1984) 
where sacrificial steel and zinc anodes were used with electroprecipitation. Removals 
for the steel anode were 90%, 50% and 10% for zinc, manganese and magnesium 
respectively, whereas the zinc anode resulted in an increase in zinc concentration with 
a 75% removal for manganese and magnesium. 
3.2 Experiment 2: Metal precipitation with sodium hypochlorite addition 
Figure 4 shows the percentage removal for each step of experiment 2. Step 0 represents 
sodium hypochlorite addition, with steps 1, 2, 3 and 4 corresponding to solution pH 
endpoint values of 8.5, 9.7, 10.9 and 11.5 respectively (as in experiment 1). Similar to 
experiment l, significant calcium removal can be seen to occur at steps 0, 2, 3 and 4. 
Manganese was almost fully removed at step 0 with a percentage removal of approximately 
99.8%. Once again the majority of magnesium removal was achieved at step 3, with 79°/ri to 
84% of removal occurring. Whilst this removal was less than that experienced at step 3 in 
experiment l, it can likely be attributed to the 4% to 6% of removal that occurs at step 0. 
Finally, the bulk of zinc removal was once again accomplished at step 1 with between 76% 
and 81 % of removal occurring. Unfortunately between 14% and 22% of zinc was abo 
removed at step 0, resulting in the lower amount of zinc removal occurring at step 1 when 
compared to experiment 1. Despite this lower removal of zinc at step 1, it is evident that 
virtually no co-precipitation with the other metals occurred, thus resulting in a high 
purity precipitate. Table 2 outlines the total percentage removal of each metal for 
experiment 2, with mean total removals of 41.78%, 99.76%, 99.81%,99.74% being achieved 
for calcium, magnesium, manganese and zinc respectively. As was the case in experiment 
l, calcium removal was poor; however magnesium, manganese and zinc experienced 
high removal. 
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Figure 4: Graphs of metal removal for each step of experiment 2 using sodium hypochlorite for 
manganese precipitation followed by sodium hydroxide for selective metal precipitation for 
two trials. a) Calcium, b) Magnesium, c) Manganese, d) Zinc 
Table 2: Total percentage removal of each metal for experiment 2 
Trial Calcium Magnesium Manganese Zinc 
Removal(%) Removal(%) Removal(%) Removal(%) 
19 30.63 99.76 99 .80 99.74 
20 52.93 99.76 99.81 99.74 
Mean 41.78 99.76 99.81 99.74 
3.3 Experiment 3 & 4: Nanofiltration 
3.3.1 Flux 
The flux of the nanofiltration experiments was measured as a mass flux which was 
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measured at three minute intervals and as such, it was converted to a volume flux, J [L/ 
m 2.h], by the equation, 
J = /':,.m 
MAp (7) 
Where Lim is the change in mass with respect to time [g], p is the density of the feed 
solution [g / L],M is the change in time [hours] and A is the surface area of the membrane 
[m2]. 
The surface area of the membrane was calculated using the diameter of the inside of the 
stirred cell, which was measured to be 54 mm. 
A graph of the flux is shown in Figure 5. The graph shows that the AMO solution that 
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Figure 5: Graph of flux versus time for nanofiltration experiment 3 using raw AMD 
and experiment 4 using metal precipitation treated AMD 
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had been treated using metal precipitation as in experiment 1 experienced a lower flux 
than both raw AMD and Milli-Q water at the same pressure (600 kPa). The mean flux 
supports this observation, with a mean flux of 11.89, 13.61 and 20.83 L/m2h for treated 
AMD, raw AMD and Milli-Q water respectively. The fact that the treated AMD solution 
experienced a lower flux than the raw AMD was surprising, particularly since the treated 
AMD solution contained negligible concentrations of manganese, zinc and magnesium. 
The treated AMD solution did, however, contain a far greater concentration of sodium 
and it is possible that this sodium caused a reduction in flux. It is also evident that both 
trials of the raw AMD at 900 kPa experienced a decline in flux as time progressed. This 
could be due to the increase in concentration of the feed water, which would increase 
the fouling of the membrane. In contrast to this, the trials of raw and treated AMD at 
600 kPa did not experience any decline in flux. 
3.3.2 Rejection 
Table 3 shows the rejection coefficients for each ionic species for all samples and operating 
pressures. Where multiple samples of the same type were run at the same pressure, the 
rejection coefficients were averaged together. 
From the rejection coefficients displayed in Table 3, it is evident that the rejection coefficients 
for the ions in the raw AMD at 900 kPa are consistently higher than those for the ions in the 
raw AMD at 600 kP A The rejection coefficients of calcium, magnesium, manganese, sodium, 
sulphate and zinc for raw AMD at 600 kPa are 0.20, 0.22, 0.19, 0.12, 0.15 and 0.22 respectively, 
compared to 0.25, 0.28, 0.27, 0.20, 0.31 and 0.26 for raw AMD at 900 kPa respectively. The 
only exception to this trend is the chloride rejection coefficient with 0.00 for AMD at 600 
kPa and AMD at 900 kPa. Despite this, it can be said that the rejection of a given ion 
Table 3: Rejection coefficients for each ion for nanofiltration experiments 3 & 4 
Ionic Species Treated AMO Raw AMO Raw AMO Mean Typical 
(600 kPa) (600kPa) (900 kPa) Coefficients 
(Jeppesen, 2007) 
Calcium 0.37 0.20 0.25 0.27 0.83 
Chloride 0.12 0.00 0.00 0.04 0.10 
Magnesium 0.33 0.22 0.28 0.27 0.87 
Manganese NIA 0.19 0.27 0.23 -
Sodium 0.16 0.12 0.20 0.16 0.10 
~ulphate 0.31 0.15 0.31 0.26 0.93 
Zinc NIA 0.22 0.26 0.24 -
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increases with an increase in transmembrane pressure. This result is consistent with the 
findings of Ozaki et al. (2002), Zhong et al. (2007) and Qdais et al. (2004), who all found 
that an increase in transmembrane pressure resulted in an increase in rejection. 
The mean rejection coefficients for sodium and chloride, with 0.04 and 0.16 respectively, 
are similar to typical rejection coefficients of 0.10 for both ions for nanofiltration as specified 
by Jeppesen (2007). The mean rejection coefficients for calcium, magnesium and sulphate 
of 0.27, 0.27 and 0.26 respectively are much less than those specified by Jeppesen (2007) of 
0.83, 0.87 and 0.93 respectively. This decrease in rejection compared to typical rejection 
coefficients could occur for several reasons: 
• The typical rejection coefficients specified may have been calculated for solutions 
containing only the ion specified, rather than a solution such as the AMO water 
which contains multiple ions. 
• Pore enlargement for the AMD samples may have occurred, which would have 
resulted in a decreased rejection of ionic species. The concentration of sodium and 
sulphate ions in the AMD samples was very high, with approximately 10 - 15 g/L. 
This concentration is comparable to the 20 g/L concentration of Na2S04 which 
caused 9 - 10% pore enlargement as stated by Denyer (2007). 
It can also be noted that the rejection for each ionic species of the treated AMD at 600 kPa 
was higher than the rejection for the same ionic species of the raw AMD at 600 kPa. The 
reason for this behavior may be the fact that a pH range exists in which optimal rejection 
occurs. The pH of the feed solution for the treated AMD at 600 kPa was approximately 10.2 
- 10.3, compared to the pH of the feed solution for the raw AMD at 600 kPa which was 
approximately 6.8 - 7.3. In support of this view, both Zhong et al. (2007) and Ozaki et al. 
(2002) found that an optimum rejection for a solution occurred within a specific pH range, 
with the pH range being 9 -11 for Zhong et al. (2007) and 7 -9 for Ozaki et al. (2002). The 
two studies most likely achieved different optimum pH ranges due to different solution 
composition used by each study. Thus it is likely that an optimum rejection occurs around 
a pH of 10 for the AMD waters from OZMCML. 
3.4 Experiment 5: Nanofiltration Donnan Exclusion Investigation 
3.4. 1 Rejection 
The compositions of the dilutions used in this experiment are shown in Table 4. The 
Nanomax-50 membrane used for the nanofiltration experiments has previously been 
identified as a negatively charged membrane for which Donnan exclusion plays an 
important role. This was shown by Denyer et al. (2007), who found that the rejection 
sequence was R(Na2S04) > R(NaCl) > R(CaCl2), which is consistent with this classification 
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Table 4: Composition of each dilution used in nanofiltration experiment 5 
Sample AMO Cone. Ca Mg Mn Na Zn sot CI-
(Volume%) (mg!L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
Dilution 1 1 4.51 21.5 2.75 1.60 2.08 5 168 
Dilution 2 10 45.0 229 26.5 18.0 18.4 30 1513 
Dilution3 30 142 714 79.5 55.1 48.1 86 3615 
Dilution 4 60 252 1330 156 124 109 154 5551 
of membranes. Since the Donnan exclusion was expected to play an important role in 
the operation of this membrane, it was expected that the rejection of negatively charged 
ionic species would follow a similar trend as shown by Denyer et al. (2007) in Figure 6 . 
The graph in Figure 6 also shows the experimentally obtained sulphate rejection versus 
the concentration of total ions. The experimentally obtained data is somewhat similar to 
that found by Denyer et al. (2007), with much higher rejection experienced for the 
concentrations at 0.2 g/L, followed by a major reduction in rejection from 5 g/L to 10 g/ 
L. Overall, this trend indicates that Donnan exclusion is playing a major role, with 
improved rejection at lower ionic concentrations. 
100 -----------------------------------------
-Experimental 
-Denyer et al. (2007) 80 ------~~~~~~~-----~~~~~~~~~~ 
-
'* -
0 
0.1 1 10 100 
Concentration of Total Ions C~/L) 
Figure 6: Graph of experimental sulphate rejection versus concentration of total ions 
superimposed with rejection trend of Na2SO 4 with total concentration 
from Denyer et al. (2007) 
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3.5 Experiment 6 & 7: Reverse Osmosis 
3.5.1 Flux 
The graph of the flux is shown in Figure 7. From this graph it is evident that the flux 
increased with an increase in transmembrane pressure. Furthermore, the flux of Milli-Q 
water was greater than that of raw AMD water at the same operating pressure, thus 
indicating that the presence of ions in solution caused a decrease in flux. The mean flux 
obtained for the raw AMD water samples at 1.0 MPa was greater then the mean flux obtained 
for treated AMD water samples at 1.0 MPa, with a mean flux of 1.26 and 1.04 L/m2.h 
respectively. This is the reverse of the trend that was observed for the nanofiltration 
experiments and may be due to the large amount of sodium ions in the treated AMD 
samples, which may play a greater role since reverse osmosis has higher rejections for 
monovalent ions than nanofiltration. 
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Figure 7: Graph of flux versus time for reverse osmosis experiment 6 using raw AMO and 
reverse osmosis experiment 7 using metal precipitation treated AMO 
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3.5.2 Rejection 
The rejection coefficients are displayed in Table 5 and as was the case with nanofiltration, 
it is evident that the rejection coefficients increase with transmembrane pressure. For 
example, for raw AMD at transmembrane pressures of 3.5, 2.0 and 1.0 MPa the rejection 
coefficients for calcium are 0.996, 0.991 and 0.987 respectively. This trend is observed for 
all other ions, except zinc in which rejections of 0.994, 0.992 and 0.995 were observed for 
3.5, 2.0 and 1.0 MPa respectively. Despite this discrepancy, it can be said that the rejection 
of a given ion increases with an increase in transmembrane pressure. This result is consistent 
with the findings of Ozaki et al. (2002), Zhong et al. (2007) and Qdais et al. (2004), as well as 
the findings of the nanofiltration experiments. 
Table 5: Rejection coefficients for each ion for reverse osmosis 
Ionic Species Treated Raw Raw Raw Mean 
(1.0 MPa) (1.0 MPa) (2.0 MPa) (3.5 MPa) 
Chloride 0.966 0.953 0.971 0.979 0.967 
Magnesium 0.942 0.987 0.987 0.992 0.977 
Manganese NIA 0.988 0.988 0.993 0.990 
Sodium 0.981 0.919 0.987 0.994 0.970 
Sulphate 0.992 0.992 0.993 0.994 0.993 
Zinc NIA 0.995 0.992 0.994 0.994 
The mean rejections for calcium, chloride, magnesium, sodium and sulphate were 99.2%, 
96.7%, 97.7%, 97.0% and 99.3% respectively. All of these results, except the rejection for 
magnesium, are within the ranges obtained by Renou et al. (2008), who achieved rejections 
for calcium, chloride, magnesium, sodium and sulphate of 98.7-99.8%, 95.1-99.1%, 98.5-
99.8%, 96.4- 98.7% and 98.7 - 99.4% respectively. The magnesium rejection is only slightly 
below the range obtained by Renou et al. (2008) and this result would be heavily affected 
by the fact that the magnesium rejection was only 94.2% for treated AMD. The analysis 
carried out by the AAC was only accurate to 0.5 mg/Land the initial solutions for treated 
AMD contained only 11 mg/L of magnesium, thus poor rejections were obtained when it 
is likely that they were much greater. The mean rejection for zinc was 99.4%, which is 
comparable to the rejection of 97.89% obtained by Zhong et al. (2007) and 98.8 - 99.6% 
obtained by Ipek (2005). 
The rejection coefficients for each of the ionic species for the treated AMD at 1.0 MPa were 
greater than or equal to those for the raw AMD at 1.0 MPa, except for magnesium (the 
:reasons for which have been explained above). As was the case for nanofiltration, the 
ltXPlanation for this improved rejection may be that a pH range exists in which optimal 
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rejection occurs. The pH of the feed solution for the treated AMD was approximately 
10.7 - 10.9 whilst the pH of the feed solution for the raw AMD was approximately 6.7. 
7.0. Thus it is likely that an optimal rejection occurs for the pH range of 10 -11 for AMD 
waters from OZMCML, which is comparable to the range of 9 - 11 that was obtained by 
Zhong et al. (2007). 
The order in which rejection occurred, based on mean rejection coefficients, was Zinc 
(0.994) > sulphate (0.993) > calcium (0.992) > manganese (0.990) > magnesium (0.977) > 
sodium (0.97) >chloride (0.967). From this rejection order there is no trend that is evident, 
unlike Mohsen-Nia et al. (2007) and Qdais et al. (2004) who found that larger ionic species 
were more readily rejected. However, the solutions used by Mohsen-Nia et al. (2007) and 
Qdais et al. (2004) only contained copper and cadmium and copper and nickel respectively. 
Therefore it is possible that the range of different ionic species and the interactions between 
them in the AMD waters has had an effect on the rejection order. 
4. EXPERIMENTAL CONCLUSIONS 
Experiment 1and2 
Metal precipitation using NaOH achieved mean removal rates of 30.28%, 99.20%, 99.89%, 
99.76% for calcium, magnesium, manganese and zinc respectively. In comparison to this, 
sodium hypochlorite addition followed by metal precipitation achieved mean removal 
rates of 41.78%, 99.76%, 99.81 %, 99.74% for calcium, magnesium, manganese and zinc 
respectively. Whilst these removal rates are similar, there is a significant difference in the 
relative purity of each precipitate between the two experiments. Experiment 2 resulted in 
a prevention of manganese contamination throughout the zinc and magnesium precipitates, 
thus resulting in high purity zinc and magnesium precipitates. 
Experiment 3, 4 and 5 
The mean rejection coefficients for calcium, chloride, magnesium, sodium and sulphate 
were 0.37, 0.12, 0.33, 0.16 and 0.31 for treated AMD. These rejection coefficients were 
generally lower than typical rejection coefficients. It was found that Donnan exclusion 
played a major role in the operation of the Nanomax-50 membrane and high ion 
concentrations in the feed solution significantly reduced the effectiveness of the membrane. 
Experiment 6 and 7 
The mean rejection coefficients for treated AMD were 0.994, 0.996, 0.942, 0.981 and 0.992 
for calcium, chloride, magnesium, sodium and sulphate respectively. The overall mean 
rejection for reverse osmosis was 98.3%, which was significantly higher than the overall 
mean rejection of 21.0% achieved by nanofiltration. 
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5. TREATMENT PROCESS DESIGN 
The results of the experiments were used to design a treatment process which would 
utilize hypochlorite addition, metal precipitation and reverse osmosis to recover zinc, 
magnesium and manganese whilst virtually removing all of the remaining contaminants. 
A schematic diagram of the treatment process is shown in Figure 8. The process consists 
of four solids contact clarifiers (SCC) in series followed by a stabilization tank and a 
reverse osmosis system. The SCC's are used to perform manganese oxidation and metal 
precipitation. The first, sec 1, is used to perform manganese oxidation via the addition 
of sodium hypochlorite. The remaining, SCC 2, 3 and 4 are then used to carry out each 
step of the metal precipitation process by bringing the AMD water to pH values of 8.5, 
10.9 and 11.5. The sludge formed in SCC 1, 2 and 3 is removed for further treatment, as 
SR 
SCC = Solids Contact Clarifier 
SR = Stabilisation Reactor 
RO = Reverse Osmosis 
RO Effluent 
Concentrate 
Sludge Disposal 
Figure 8: Schematic diagram of proposed treatment process 
this sludge consists of high purity zinc and magnesium respectively, whilst the sludge 
formed in SCCl and 4 is combined and removed for disposal. The stabilization reactor is 
then used to stabilize the water from the SCC's by lowering the pH through aeration 
with carbon dioxide (C02) gas or addition of sulphuric acid (H2S04). The water is then 
passed through the RO system which completes the water purification process. The 
remaining concentrate from the RO system could then be fed back into the treatment 
process, or disposed of in the TSF. 
Each component in the system was sized based on standard design criteria and the 
Capital and operating costs of the system were estimated based on these sizes and the 
quantity of reagents required. A breakdown of the capital costs are detailed in Table 6 
·below. A cheaper reagent, CaO, which converts to Ca(OH)2 when added to water, was 
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successfully used in other studies to achieve metal precipitation results similar to that of 
NaOH (Feng, Aldrich, & Tan, 2000; Wei, Viadero, & Buzby, 2005). Since this reagent is 
cheaper than the NaOH used in the experimental metal precipitation, it was chosen as 
the reagent for the industrial process. The unit costs of CaO were sourced from the 
cement supplier, Adelaide Brighton, with similar costs expected from other Australian 
cement suppliers. The operating costs using CaO as the reagent for metal precipitation 
are detailed in Table 7. The total annual operating cost of the treatment process using 
Cao is $1,520,956. 
Table 6: Estimated capital costs 
Item Quantity Unit Cost Total Cost 
Pre-treatment 
Solids Contact Clarifier 1 1 $54,200 $54,200 
Solids Contact Clarifier 2, 3 & 4 3 $216,900 $650,700 
Stabilisation reactor 1 $22,600 $22,600 
Sub-Total $727,500 
Reverse Osmosis 
Housing 1 $150,000 $150,000 
Pressure Vessels 6 $2,500 $15,000 
Membrane Element 30 $750 $22,500 
Sub-Total $187,500 
Sludge treatment 50% of Capital $915,000 
Sub-Total $1,830,000 
Factor of Uncertainty 100% of Capital $1,830,000 
Total $3,660,000 
The annual value of recovered metals, acid and water are shown in Table 8. The quantity 
of zinc, magnesium and manganese recovered are based on the experimental removal 
rates achieved and the average amount of each metal in the AMD. The unit values of 
zinc, magnesium and manganese should be viewed as an indication of price only, as the 
prices are subject to large fluctuations over time. The unit value of purified water was 
estimated to be $0.20 per litre. The total annual value of recovered metals, acid and 
purified water is $2,442,935. Finally, a breakeven analysis was conducted using the 
operating costs with CaO as the reagent and the pay-back period was calculated to be 
approximately 5 years with an interest rate of 5%. 
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Table 7: Annual operating costs with Cao 
Item Quantity Unit Cost Total Cost 
Pre-treatment chemicals 
Sodium hypochlorite 206492 L $1.20 per L $247,790 
Calcium oxide SCC 1 3,980,911 L $0.0066 per L $26,231 
Calcium oxide SCC 2 498,859 L $0.0066 per L $3,287 
Calcium oxide SCC 3 59,243,301 L $0.0066 per L $390,362 
Calcium oxide SCC 4 1,318,358 L $0.0066 per L $8,687 
Sulphuric acid SR 7650 L $2.13per L $16,295 
Reverse Osmosis 
Power 397662.1 kWh $0.16 per kWh $63,626 
:tviembranereplacement 6 $700 ea $4,200 
Sub Total $760,478 
Sludge treatment 50% of operating costs $760,478 
Total $1,520,956 
Table 8: Yearly value of recovered metals, acid and water 
Item Quantity Unit Value Total Value 
:tvietals 
Zinc 40.24 tonne $2,130 per tonne $85,711 
Magnesium 377.11 tonne $5 ,400 per tonne $2,187,242 
Manganese 24.84 tonne $4,550 per tonne $113,012 
Sulphuric Acid 4,305 L $2.13perL $9170 
Purified Water 239ML $0.20perL $47,800 
Total $2,442,935 
6. CONCLUSION 
The aim of this study was to develop a treatment method to recover valuable minerals 
from the AMD at OZMCML and remove the remaining less valuable contaminants to 
allow for the reuse of treated AMD. This study found that hypochlorite addition followed 
by metal precipitation was an effective means of recovering zinc, magnesium and 
ltlanganese from the AMD at OZMCML. The results of the experiments were used to design 
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a treatment process which utilised hypochlorite addition, metal precipitation and reverse 
osmosis to recover zinc, magnesium and manganese whilst virtually removing all of the 
remaining contaminants. The process was capable of treating 950 m3 of AMD per day, 
yielding a pure water recovery rate of 80%. A breakeven analysis was performed using 
estimated capital and operating costs and potential revenue from the recovery of metals, 
chemicals and purified water. The estimated capital costs were $3,660,000, with annual 
operating costs of $1,520,956 and annual revenue of $2,442,935. The estimated pay-back 
period was found to be approximately five years at an interest rate of 5%, which indicates 
that the treatment method is a viable option for the treatment of AMD at OZMCML. 
The proposed treatment method meets the environmental aims of removing contaminants 
from the AMD, allowing for the reuse of the treated AMD. It also satisfies the economic 
aim of recovering valuable metals in order to offset the costs of treatment and eventually 
generate profit. The proposed treatment method will reduce the quantity of AMO at 
OZMCML and prevent possible future environmental licensing breaches due to 
uncontrolled discharge. It will also reduce any potential future liability from AMD being 
stored in the tailings storage facility. 
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